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Introduction
Skeletal muscle mass is maintained by signaling pathways that control cell proliferation, differentiation, protein synthesis and degradation. Loss of muscle mass occurs in multiple settings including cancer, AIDS, cachexia, and neuromuscular disorders, as well as during aging, and is an important factor contributing to morbidity (Glass, 2010b) . On the other hand, skeletal muscle hypertrophy, the increase in muscle mass that occurs as a result of an increase in load, is characterized by increased fiber size and protein synthesis (Serrano et al., 2008) .
Understanding the molecular pathways that regulate gain or loss of muscle mass is therefore crucial for treating muscle wasting-associated disorders. In Drosophila melanogaster, fusion between two different types of cells leads to the formation of a muscle precursor cell/myotube, which further fusion events transform into a multinucleated myotube. In vertebrates, skeletal myogenesis is initiated by the generation of myoblasts followed by their differentiation to myocytes and the formation of myofibers (Buckingham et al., 2003) . In the mouse (Mus musculus), differentiated myoblasts elongate and migrate towards other myoblasts thus giving rise to a nascent and, later, to a mature myotube through fusion events among equivalent cells (Simionescu and Pavlath, 2011) . In all cases, the determination of myoblasts and their differentiation are controlled by muscle regulatory factors that are activated at specific stages during myogenesis (Abmayr and Pavlath, 2012) .
In vertebrates, at least two important signalling pathways are strictly required for the success of this multistep complex program of myogenesis: those of phosphatidylinositol 3-kinase (PI3-K) and p38 mitogen activated protein kinase (p38MAPK), which regulate the activation of key muscle transcription factors as MyoD. PI3-Ks are important mediators of tyrosine kinase receptor signal transduction. Their inhibition blocks myogenesis (Glass, 2010a) as so happens with Akt, an important downstream target of PI3-K (Fujio et al., 1999; Jiang et al., 1999; . p38MAPK is also a central player in this process (Conejo et al., 2002; Perdiguero et al., 2007a ) acting through several well described mechanisms (Lluis et al., 2006) . p38MAPK are a family of Ser/Thr kinases, including p38αMAPK, p38βMAPK, p38γMAPK and p38δMAPK, that regulate important cellular processes such as stress responses, differentiation and cell cycle control (Nebreda and Porras, 2000; Zarubin and Han, 2005) . p38αMAPK is the isoform involved in the induction of myogenesis (De Alvaro et al., 2008) and, consistently, treatment with p38α/βMAPK inhibitors or experimental depletion of the p38MAPKα isoform prevent the fusion of immortalized myoblasts into myotubes, and also the induction of specific muscle differentiation genes (Cuenda and Cohen, 1999; Zetser et al., 1999; Li et al., 2000; Perdiguero et al., 2007a, b; Alonso-Chamorro et al., 2011) , thus demonstrating the requirement of p38MAPKα/β during myogenesis (de Angelis et al., 2005; Keren et al., 2005) . The p38MAPK pathway seems also to be involved in the modulation of skeletal muscle differentiation by cell-to-cell contact and adhesion (Krauss, 2010) or mechanical stimulation (Niu et al., 2013) and in the epigenetic control of muscle regeneration (Palacios et al., 2010) . In marked contrast to the PI3-K/Akt pathway, little is known about the upstream modulators of the p38MAPK pathway in myogenesis other than MAPK kinase (MAPKKs) (Nebreda and Porras, 2000) . Accordingly, it has been reported that forced activation of p38MAPK by ectopic expression of a constitutively active mutant of MKK6 is sufficient to override the inhibitory factors present in proliferating cells and to induce both the expression of differentiation markers and the appearance of multinucleated myotubes, reinforcing the idea that p38MAPK activity plays an essential role in muscle differentiation (Li et al., 2000; Wu et al., 2000; Perdiguero et al., 2007a) . However, the mechanisms that regulate p38MAPK activity during muscle cell differentiation remain unidentified, although they appear to be different from those involved in the response to stress or cytokines.
G protein-coupled receptor kinase 2 (GRK2) is a ubiquitous, essential protein kinase that is emerging as an integrative node in many signalling networks. Moreover, changes in GRK2 abundance and activity have been identified in several inflammatory, cardiovascular disease, and tumor contexts, suggesting that those alterations may contribute to the initiation or development of certain pathologies (Penela et al., 2003; Salcedo et al., 2006; Garcia-Guerra et al., 2010) . GRKs were initially identified as key players in the desensitization and internalization of multiple GPCRs, but GRK2 also phosphorylates several non-GPCR substrates and dynamically associates with a variety of proteins related to signal transduction (Peregrin et al., 2006; Ribas et al., 2007; Penela et al., 2010) including, among others, certain p38MAPK isoforms . However the implication of GRK2 in the mechanisms controlling the regulation of skeletal muscle development and function as well as how this regulation could affect the functionality of this tissue remain to be investigated. In this study, we report the importance of GRK2 in the regulation of skeletal muscle myogenesis and elucidate possible downstream effectors.
Results

Grpk2 is required for myogenesis in Drosophila melanogaster
Drosophila is a model system that had been successfully used to analyze the effects of Grpk2, a GRK ortholog in the fly, on signaling of Smoothened (Molnar et al., 2007) and recapitulates the complex myogenesis process of vertebrates in a simpler manner. We reduced Grpk2 activity by injecting Gprk2 dsRNA into Dmef2Gal4>UAS-GPF embryos, and directly observed the muscle pattern under a fluorescence microscope. Injection of Gprk2 dsRNA caused aberrant morphology and late detachment of many muscles, what worsened with time ( Figure 1A-D) .
This phenotype indicates a defective differentiation of somatic muscles under attenuation conditions for Grpk2, suggesting a role for this protein in myogenesis.
Due to strong maternal contribution for Grpk2 and its early requirement during oogenesis, the study of its function during embryonic myogenesis is not possible, so an in depth analysis was performed during Drosophila adult myogenesis. We focused on the development of a subset of the indirect flight muscles (IFMs), the dorsal longitudinal muscles (DLMs) that consist in six muscles per hemithorax (Fernandes et al., 1991) . We first attenuated Gprk2 function using the 1151Gal4 line to drive the expression of an RNAi silencing construct, the UAS-Ri-Gprk2, at 29ºC in all adult muscle precursors and found a significant increase in the number of flies with a flightless phenotype (31%) compared with controls (9%) ( Figure 1E ). However, the overexpression with the same driver of the full-length protein had low effect in the flying ability of the adults ( Figure 1E ). When we made use of a combination of the Gal4/UAS and the Flpmediated recombination systems for generating stronger loss-of-function conditions (see Materials and Methods, and (Duffy, 2002) ) the penetrance of the flightless phenotype drastically increased to 100%. This phenotype was associated with a reduction in the number of DLMs already visible at 48h after puparium formation (APF) ( Figure 1F-I) , suggestive of a failure in the splitting of the DLM larval templates (Roy and VijayRaghavan, 1998) . We also observed motor defects in a test for climbing ability in these flies: 3 day-old flies deprived of Gprk2 function in adult muscles, showed a reduction in climbing speed compared to their control siblings (Supplementary Movies S1-2), demonstrating that in the absence of Gprk2 the development of DLM muscles is compromised. However, due to the late expression of the 1151Gal4 driver in adult muscle tendons (Soler et al., 2004 ), we could not discard a contribution of Gprk2 tendon-requirement to the late phenotype. To investigate whether there is a late requirement of Gprk2 function in DLM muscles we attenuated Gprk2 in differentiating DLM muscles using the IFM-specific UH3Gal4 driver (Katzemich et al., 2012) . Besides an absence of any apparent defect in DLM splitting UH3Gal4>UAS-Ri-Gprk2 flies were flightless (100%, Figure 1E ), indicating a late requirement of Gprk2 for muscle differentiation.
GRK2 hemizygous mice present less skeletal muscle fibers and increased fiber size
To investigate whether GRK2 could play similar functions in vertebrates, we analyzed hindlimb muscles (gastrocnemius) from wildtype (Wt) and GRK2 +/-mice. These haploinsufficient mice constitute a good model to recapitulate differences in GRK2 expression of the same range to those observed during pathological conditions (Ribas et al., 2007; Penela et al., 2010) as well as to evaluate the potential of therapeutic strategies aimed at globally decreasing GRK2 functionality in vivo. Downregulation of GRK2 expression levels in skeletal muscle of hemizygous mice were confirmed by immunoblot ( Figure 2A ) and also by qPCR (Figure 2B) and correlates with a decrease in kinase activity that can be detected in muscle lysates (data not shown).
We observed no differences in muscle weight ( Figure 2C ) between Wt and GRK2 +/-mice at 3 months of age in the absence of significant differences in either food or water intake (Supplementary Figure S1 ). Morphological analysis of muscle sections revealed a decreased number of fibers with wider cross sections in GRK2 +/-mice at both 3 and 9 months of age ( Figure 2D-F) . This decrease in fiber number in GRK2 +/-animals was not apparent in newborn mice ( Figure 2G -I) although they already showed a larger fiber size ( Figure 2H ), suggesting that fiber loss was taking place after birth and before 3 months of age while fiber growth is an earlier phenotype. These results suggest that GRK2 plays an important role in regulating myofiber growth and integrity also in vertebrates.
GRK2 overexpression impairs muscle differentiation in C2C12 myoblasts while a kinasedeficient mutant accelerates this process, giving rise to immature myotubes
We analyzed the expression of GRK2 protein during C2C12 myoblast differentiation, a wellestablished in vitro model for this process (Liu et al., 2002; de Alvaro et al., 2005; De Alvaro et al., 2008) . A moderate but significant decrease in GRK2 can be observed along C2C12 differentiation (which correlates with a decrease in kinase activity as quantified in cell lysates, data not shown) suggesting that GRK2 expression is regulated during this process ( Figure 3A ).
To investigate the contribution of GRK2 to myogenic differentiation, we generated several stable C2C12 cell lines that moderately overexpress (circa 2-fold increase) two different GRK2
constructs: pcDNA3-GRK2-Wt (pc-GRK2) and pcDNA3-GRK2-K220R (pc-K220R) with a point mutation that impairs the kinase activity of GRK2 and inhibits events dependent on GRK2 kinase activity but not those due to scaffolding abilities ( Figure 3B and Supplementary Figure   S2 ).
C2C12 cells proliferate in culture as undifferentiated cells in high serum; upon confluence and serum withdrawal (differentiation medium), myoblasts differentiate into myocytes, which subsequently fuse into multinucleated myotubes (Buckingham, 2001; Jansen and Pavlath, 2008) . As expected, differentiated C2C12 myoblasts display a multinucleated tubular morphology, which was similarly observed in control cells after 4 days in culture ( Figure 3C and Supplementary Figure S2 ). Interestingly, pc-K220R myoblasts fully differentiated to an extent that appeared similar to that of pcDNA3 cells. We observed multinucleated myotubes in pc-K220R myoblasts whereas pc-GRK2 myocytes were primarily mononuclear, exhibiting a severe defect in their ability to form multinucleated cells, even after four or more days in low serum ( Figure 3C and Supplementary Figure S2 ).
Differentiation of skeletal muscle cells involves the sequential expression of specific transcription factors such as MyoD, and also early and terminal differentiation markers such as myogenin and myosin heavy chain (MHC), respectively (Weintraub, 1993) . As expected, pcDNA3 myotubes showed a temporal expression pattern of differentiation markers similar to that reported for C2C12 cells (De Alvaro et al., 2008) . Interestingly, the elevation of MyoD and myogenin levels started one day earlier in pc-K220R-expressing clones than in pcDNA3 myotubes ( Figure 3D and Supplementary Figure S2 ) and remained significantly higher than in control cells all along the process even when terminal differentiation was achieved. On the contrary, late differentiation markers such as Caveolin-3 and MHC, indicative of mature myotubes, were expressed at lower levels in pc-K220R myotubes along the process ( Figure 3D and data not shown) and Caveolin-3 remained below control levels even at day four. On the other hand, pc-GRK2 cells did not express any of these skeletal muscle differentiation markers after four or more days in low serum ( Figure 3D and Supplementary Figure S2 ). This cannot be ascribed to increased cell death occurring in GRK-overexpressing clones (Supplementary Figure   S3 and data not shown). These results clearly demonstrate that enhanced GRK2 expression abrogates differentiation, whereas interfering with GRK2 function triggers an untimely differentiation process with increased early differentiation markers and a decreased expression of proteins characteristic of fully mature myotubes.
GRK2 regulates the formation of membrane protrusions in myocytes
Formation of membrane protrusions caused by polymerization of cortical actin at the plasma membrane is a first step towards myoblast fusion into multinucleated myotubes (Stoker and Gherardi, 1991) . At the beginning of the differentiation process, low serum induced the formation of membrane ruffles in pc-K220R and pcDNA3 myoblasts ( Figure 4A and B), which resulted in an enhanced percentage of cells with fused nuclei ( Figure 4A and C). pc-K220R myotubes presented higher number of nuclei and a wider diameter than pcDNA3 myotubes ( Figure 4D and E). In contrast, pc-GRK2 myoblasts failed to form membrane protrusions and fusion was impaired ( Figure 4A -C). These data suggest that GRK2 kinase activity negatively regulates the fusion process of myoblasts into myotubes and that this could be due at least in part to the inability to form membrane protrusions. On the other hand, interfering with GRK2 kinase activity generates membrane protrusions that are able to promote more fusion events per myotube.
Myoblast differentiation requires growth arrest and cycle cell exit, and thus we analyzed the expression of several cell cycle regulators such as p21 (Shen et al., 2003) ; retinoblastoma (Rb), (Poznic, 2009) ; and proliferating cell nuclear antigen (PCNA) (Shen et al., 2003; Essers et al., 2005) . We detected Rb in the hyperphosphorylated state and PCNA protein in proliferating myoblasts of the transfectant cells. Four days of differentiation in low serum produced sequential growth arrest with up-regulation of the expression of p21, reduction of Rb phosphorylation and down-regulation of PCNA (Supplementary Figure S4) . The percentage of G0/G1 cells after four days in low serum was significantly increased to the same extent in all three transfectants, thus indicating that all cells exited the cell cycle in a similar manner (Supplementary Figure S4) . Thus, GRK2 does not play a role in the growth arrest associated to skeletal muscle differentiation.
GRK2 kinase activity regulates the Akt, p38MAPK and ERK routes during myogenic differentiation
Differentiation of pcDNA3 myotubes occurs with enhanced phosphorylation of Akt and decreased phosphorylation of extracellular signal-regulated kinase (ERK) 1/2 in C2C12 cells ( Figure 5A ), in agreement with our previous observations de Alvaro et al., 2005; De Alvaro et al., 2008) . Interestingly, we detected a moderately increased Akt phosphorylation on Ser473 in pc-K220R myoblasts at the earliest steps of the process (already visible at days 1 and 2), indicating that Akt is prematurely activated in these cells ( Figure 5A ). Furthermore, ERK1/2 remained phosphorylated after 2 days in low serum, but this phosphorylation declined more abruptly from day 3 in pc-K220R cells ( Figure 5A ).
Phosphorylation of Akt was hardly detectable in undifferentiated pc-GRK2-myoblasts, whereas a decreased phosphorylation of ERK1/2 after day two was also observed in these cells ( Figure   5A ).
We also observed a clear phosphorylation on the activation loop residues Thr180/Tyr182 of p38MAPK, an important pathway required for muscle differentiation (Lluis et al., 2006; Perdiguero et al., 2007a) , after day two in pc-DNA3 myotubes, whereas this phosphorylation was blunted in pc-GRK2 cells ( Figure 5B ). This activation of p38MAPK during the differentiation process was accelerated in pc-K220R cells ( Figure 5B ). Thus, upon interference with GRK2 kinase activity, there is a prompt and sustained activation of p38MAPK that probably helps establish the precocious but immature differentiation program detected in pc-K220R cells (see Discussion).
In line with these results, silencing of GRK2 by adenovirus-driven expression of an sh-construct specific for this kinase led to a differentiation dynamics most reminiscent to that observed in K220R-expressing cells (Supplementary Figure S5) , including the upregulated phosphorylation profile of both p38MAPK and Akt proteins ( Figure 5C ). These data indicate that the phenotypic changes detected when GRK2 levels vary depend mostly on its kinase activity and are related to an altered p38MAPK activation status. Also, Western blot analysis of GRK2-expressing cells ( Figure 5B and Supplementary Figure S6A ) showed a decreased amount of phospho-p38MAPK (Thr180/Tyr182) in pc-GRK2, whereas phosphop38MAPK (Thr123), an inhibitory residue target for GRK2 located at the docking groove of the protein , was enhanced. In contrast, in pc-K220R cells we observed that the increase in phospho-p38MAPK (Thr180/Tyr182) paralleled a decrease in the phosphop38MAPK (Thr123) signal of endogenous p38MAPK. These results may explain how lowering GRK2 activity enhances p38MAPK activation and myogenesis, were consistent with what has been already described during the adipocyte differentiation process , and suggest a possible role for Thr123-p38 phosphorylation in downregulating p38MAPK activation in myogenesis.
Modulation of the p38MAPK pathway correlates with the inhibitory effect of GRK2 on myogenesis
To understand whether phosphorylation of p38MAPK by GRK2 is involved in the effect of the latter on myogenesis, C2C12 myoblasts were transiently transfected with Flag-p38αT123D, a p38MAPK mutant that mimics phosphorylation by GRK2, and with Flag-p38αWT as a control (Supplementary Figure S6B) . Then cells were induced to differentiate in low serum and fusion parameters were studied. There were no significant phenotypic differences between Flagp38αWT and C2C12 cultures in any of the parameters analyzed. In contrast, myotube formation process in Flag-p38αT123D cells was disrupted ( Figure 6A and B). Accordingly, we observed that these cells failed to form membrane protrusions at the beginning of the differentiation process ( Figure 6B and C) and this observation was accompanied by a low number of cells with fused nuclei (25% and 10% respectively) ( Figure 6D ). Consequently, the few myoblasts that fused into myotubes contained lower number of nuclei ( Figure 6E ) and displayed a shorter diameter ( Figure 6F ) than control cells.
Interestingly, when differentiation-incompetent GRK2-overexpressing cells were infected with a constitutively active mutant of the MKK6 protein (termed MKK6-E), a potent and direct activator of p38MAPK, a reversion of the GRK2-induced phenotype was detected, and cells started to differentiate in a manner more reminiscent of controls ( Figure 6G ), and the expression of key myogenic markers such as MHC (almost undetectable in control GRK2-cells 4 days after differentiation) was rescued along with stimulatory p38-phosphorylation in MKK6-E-infected GRK2-expressing cells ( Figure 6H and Supplementary Figure S6C ). These results demonstrate that overexpression of GRK2 negatively regulates the activation of signalling cascades implicated in skeletal muscle differentiation and that this inhibition can be overcome by activation of the p38MAPK pathway.
Discussion
Skeletal myogenesis is a highly orchestrated multistep process that involves the determination of multipotential mesoderm cells to give rise to myoblasts. Exit of myoblasts from the cell cycle is followed by an increase in the expression of myogenic transcription factors and formation of multinucleated myotubes and by the expression of myofibrillar proteins (Buckingham et al., 2003; Jansen and Pavlath, 2008) . A timely regulation of skeletal muscle formation is essential for normal development. Its dysregulation is the basis for certain pathological conditions such as muscular dystrophies and inflammatory myopathies in which prominent muscle loss and degeneration take place (Glass, 2010b) . In the present study, we characterize the mechanisms underlying the effects of GRK2 on muscle differentiation, and reveal the important role of this kinase in the regulation of the kinetics of the myogenic process.
Drosophila melanogaster constitutes one of the key model systems to study myogenesis since it recapitulates the process observed in vertebrates but simplified to one precursor cell giving rise to one myotube and one adult fiber. Using this model to target Gprk2, a Drosophila ortholog of vertebrate GRKs (Molnar et al., 2007) , we have detected both in Drosophila embryos and in newborn flies severe muscular dysfunction accompanied by fiber loss upon Gprk2 silencing or depletion. Gprk2 silencing in adult flies impaired motor activities such as climbing and flight behavior, and this phenotype further deteriorated with age. A reduction in the number of DLMs present in Gprk2-silenced or depleted flies, which was more evident with age, demonstrated an essential role for Gprk2 both on the differentiation and on the stability of muscles in this system.
Importantly, GRK2 hemizygous mice show a significantly reduced fiber number in muscles both at 3 and at 9 months of age accompanied by an increased fiber size. This skeletal muscle hypertrophy can be regarded as a compensatory response of the tissue to try to counteract the decreased fiber number, or, instead, as a phenomenon triggered by GRK2 downregulation in parallel to fiber loss. This second hypothesis seems to better fit the results observed in vertebrates, where the same amount of fibers that are, however, already larger in size are detected in newborn mice. The contribution to the observed muscle phenotype of other cell types that also present lower levels of GRK2 in hemizygous mice cannot be ruled out. However, the hypertrophic phenotype seems not to be specific for skeletal muscle, since we also detect a hypertrophy of cardiomyocytes of GRK2 +/-mice with aging (unpublished data) with no differences in basal blood pressure in both genotypes (Avendaño et al., 2014) .
The observed phenotypes in Drosophila and Mus musculus are reminiscent of those observed for the attenuation of the inhibitor of muscle differentiation gene him (Soler and Taylor, 2009) and of the reduction of p38MAPK activity both in Drosophila and in vertebrates (Perdiguero et al., 2007b; Vrailas-Mortimer et al., 2011 ) (discussed below). However, it cannot be ruled out that, as so happens with the Notch ligand delta 1 (Schuster-Gossler et al., 2007) (a known inhibitor of the differentiation of myoblasts to myocytes), GRK2 loss can provoke a premature and excessive differentiation that would eventually lead to a loss of muscle fibers.
In cell lines overexpressing GRK2, the expression of early and late key myogenic markers, such as MyoD and myogenin, or Caveolin-3 and MHC respectively, was strongly reduced in GRK2-overexpressing cells. Accordingly, GRK2-expressing myoblasts did not differentiate properly.
This is consistent with the phenotype observed for mice deficient for these marker proteins that show severe defects during myogenesis (Sabourin et al., 1999; Galbiati et al., 2001) . In K220R-expressing cells, a kinase-deficient mutant of GRK2 able to recapitulate events dependent on GRK2 scaffolding properties, but not those dependent on its kinase activity, the expression of early myogenic markers was not blunted, but rather accelerated what was indicative of a premature differentiation. This early maturation process was apparently successful in giving rise to multinucleated myotubes since, at day 4, K220R cells were morphologically indistinguishable from control cells. However, K220R myotubes did not reach the same degree of maturity as control cells, as indicated by the expression pattern of Caveolin-3 or MHC.
In the absence of apparent differences in cell death or cell cycle exit between control and GRK2-expressing cells, other important early events are also decompensated. The activation of key protein kinases such as Akt and p38MAPK is impaired in GRK2 myoblasts and accelerated in both K220R-expressing C2C12 cells and upon GRK2 silencing. This effect was observed in the phosphorylation of the Ser473 of Akt, which has been described to correlate with Akt kinase activity along myoblast differentiation (Gonzalez et al., 2004) . More importantly, p38MAPK
activation was more prominent all along the differentiation process in K220R-expressing or GRK2-silenced myoblasts, and blunted when GRK2 was elevated.
This event can have important consequences in the development of myogenesis (Gonzalez et al., 2004) . Treatment with p38MAPKα/β inhibitor SB203580 prevented the fusion of myoblasts into myotubes, and the induction of muscle-specific genes (Cuenda and Cohen, 1999; Li et al., 2000; Wu et al., 2000) . Myoblasts obtained from mice lacking p38MAPKα showed impaired myoblast differentiation and fusion, with reduced expression of myogenin and MHC and blunted myotube formation (Perdiguero et al., 2007b) . So, the kinase activity of p38MAPK is essential along the differentiation process, but it also serves to ensure the timely activation of different subsets of differentiation factors that guarantee a successful terminal differentiation (Penn et al., 2004) . For instance, inhibition of p38MAPK activity during late stages of C2C12 cell differentiation resulted in increased expression of certain skeletal muscle genes (Suelves et al., 2004) . In particular, p38MAPK phosphorylated in vitro and in vivo certain residues in Nt-MRF4, leading to a repressive but selective effect during terminal differentiation. Therefore, activation of p38MAPK at early time points triggers premature differentiation, but when that activation is maintained (as so happens with K220R overexpression or GRK2 silencing), it activates a repressive role of MRF4 over late myogenic markers and impairs terminal differentiation (Suelves et al., 2004) . This effect might explain why in K220R-overexpressing cells differentiation is detected earlier but does not reach the degree of maturation observed in control cells. These cells, even when they differentiate well into long multinuclear myotubes containing more fused nuclei than control cells (data not shown), conserve the biochemical characteristics of immature myocytes, since they express significantly larger amounts of early differentiation markers such as MyoD and myogenin relative to control cells even when terminal differentiation is reached.
Overall, our data suggest that the phenotypic changes on the kinetics and degree of the myogenic process detected when GRK2 levels vary depend mostly on its kinase activity and are related to an altered p38MAPK activation status. This is in full accordance with the described effect that GRK2 protein has on the process of adipocyte differentiation in 3T3-L1
preadipocytes. GRK2-mediated phosphorylation of the p38MAPK docking domain at the Thr123 residue prevents its interaction with substrates and activators and impedes progress of the differentiation process in a kinase-dependent manner . GRK2 might regulate skeletal muscle differentiation through a similar mechanism, since a phospho-mimetic mutant of p38MAPK (T123D) is able to recapitulate the effects of GRK2 overexpression on the myogenic process and to prevent formation of membrane protrusions, a process that should precede the formation of fused myotubes. On the other hand, the blunted differentiation observed in GRK2-expressing clones can be rescued by the activation of the p38MAPK route upon MKK6-E expression, strongly supporting the notion that modulation of the p38MAPK pathway is key to the effects of GRK2 in muscle differentiation. The fact that K220R-expressing cells do not reach full differentiation maturity could be ascribed to an untimely p38MAPK activation pattern as discussed above, although we cannot rule out the possibility that at later stages of the normal differentiation process GRK2 activity towards alternative targets would contribute to some aspects of the differentiation process.
The very early event of nuclei fusion is also altered by GRK2 expression. Myoblast fusion is initiated by finger-like membrane protrusions that search and engage neighboring fusioncompetent myoblasts to initiate the fusion process. Thus, the formation of filopodia/lamelipodia-like structures represents one of the earliest detectable events in the myocyte fusion process. Such actin-labeled protrusions are almost absent in GRK2- that we detect in flies soon after birth. This phenomenon would also explain the fiber hypertrophy detected in adult mice, since the remaining fibers would grow larger in size and competency in an effort to compensate for fiber loss. Finally, it would also explain the lack of differences in muscle mass detected in GRK2-deficient animals, since deteriorated immature fibers can be replaced by hypertrophied larger ones, thus compensating for muscle mass loss.
Given the connection between GRK2 activity and p38 pathways described in this work, investigating the extracellular stimuli regulating muscle GRK2 expression/activity during myogenesis or in muscle pathologies constitutes a very interesting avenue for future research.
These extracellular signals may act through GPCR such as muscarinic or adrenergic receptors, leading to subsequent release of activating Gβγ subunits. A variety of GPCR and growth factors can also promote activation of kinases known to modulate GRK2 levels and/or activity, such as PKC, c-Src or MAPK (Ribas et al., 2007; Penela et al., 2010) . β-adrenoceptors (βARs) play an important role in myogenesis and skeletal muscle regeneration after myotoxic injury cells (reviewed in Lynch and Ryall, 2008) , and are also upregulated during differentiation of C2C12.
On the other hand, the IGF1 pathway, which plays an important role in muscle growth, maintenance and repair, has been shown to upregulate GRK2 expression in other cell types (Penela et al., 2010) . Interestingly, GRK2 levels increase in muscle during aging and upon development of insulin resistance (Garcia-Guerra et al., 2010) . Whether this increase contributes to age-related muscle wasting is however not known, Interestingly, βAR agonists have therapeutic potential for attenuating muscle wasting associated with age-, cancer cachexia, and neuromuscular diseases such as the muscular dystrophies (reviewed in Koopman et al., 2009 ).
Also, a very recent report demonstrates that the loss in self-renewal detected in satellite cells from aged mice can be overcome by p38α/β inhibition (Bernet and Rudnicki, 2014) . Whether GRK2 is found mutated or dysregulated in muscle wasting contexts or in human patients of muscular diseases are interesting questions for future studies.
In sum, we can conclude that GRK2 provides important signals required to prevent uncontrolled early differentiation and to ensure sustained muscle differentiation during development.
Modulation of GRK2 activity is of essential importance for skeletal muscle formation during development, and also determines fiber size and characteristics in adult mammalian tissue, probably by regulating the timely differentiation program and the development of fusion events at very early time points during the myogenic process.
Materials and methods
Drosophila stocks
The following stocks were used: Dmef2Gal4>UAS-GPF, 1151Gal4 (Dutta et al., 2004) , 
Cell line generation
Mouse C2C12 myoblasts (American Type Culture Collection) (Blau et al., 1985) were maintained in DMEM supplemented with 10% fetal serum (FS) and antibiotics, at 37ºC and 5% CO 2 . C2C12 cells were stably transfected according to the LipofectAMINE TM protocol (Invitrogen), with 4 µg of pcDNA3-GRK2-WT-neo (pc-GRK2) or pcDNA3-GRK2-K220R-hygro (pc-K220R) or with the empty vector pcDNA3-hygro (pcDNA3) as a control.
Afterwards, transfected cell lines were selected by neomycin (0.5 mg/ml) or hygromicin (0.5 mg/ml) for 3 weeks. Four clones were obtained from each construct using this procedure, which were analyzed for GRK2 overexpression and differentiation pattern. Cells showed stable GRK2 expression after several passages and no significant phenotypical differences among the four clones were observed in any group of cell lines. Accordingly, a representative clone from each group, pcDNA3, pc-GRK2 and pc-K220R, was used in this study. All cell lines were grown to confluence in 10% FS-DMEM before differentiation in low serum medium, DMEM supplemented with 2% horse serum (HS) for up to 4 days. Furthermore, C2C12 myoblasts were also subjected to transient transfection Flag-p38αWT or Flag-p38αT123D.These cells were also differentiated in 2% HS-DMEM for 4 days.
Animal protocols
Experiments were performed on Wt and hemizygous-GRK2 (GRK2 +/-) mice maintained on the hybrid 129/SvJ C57BL/6 background. The animals were bred and housed on a 12-hour light/dark cycle with free access to food and water. Muscle samples were collected at the corresponding ages and immediately weighted and frozen in liquid nitrogen and stored at -80°C.
All animal experimentation described in this study was conducted in accordance with accepted standards of human animal care and approved by the University Committee.
Please, refer to Supplementary Material for further information on this section.
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Western blot.
Cellular proteins (30 µg) were subjected to SDS-PAGE, transferred to Immobilon membranes and blocked using 5% nonfat dried milk in 10 mM Tris-HCl and 150 mM NaCl (pH 7.5), and incubated overnight with several antibodies as indicated in each case in 0.05% Tween-20, 1% non-fat dried milk in the same buffer. Immunoreactive bands were visualized using the enhanced chemiluminescence (ECL-Plus) Western blot protocol from GE Healthcare. In experiments using X-ray films, different exposure times were used to ensure that bands were not saturated.
Real-time quantitative RT-PCR (QPCR) assays.
Total RNA was extracted from the gastronemius muscle of 3-month old GRK2+/-and wildtype mice (n=12, 6 mice per group) with Trizol reagent (Invitrogen). 1 µg of DNAseI-treated RNA was converted to first-strand cDNA with "High Capacity cDNA reverse transcription kit" (Applied Biosystems). The cDNA was subjected to real-time PCR assay for grk2 gene expression using the Taqman Gene Expression Assays from Applied Biosystems. Data obtained was analysed using the comparative method and by normalization of expression values of 18S rRNA expression. The results are expressed as fold increased over grk2 expression in wildtype animals.
Analysis of myofiber size, total number of fibers and MHC staining.
Samples were fixed in 4% paraformaldehyde and embedded in paraffin for histological analysis.
Transverse paraffinized muscle sections (5 µm) were mounted on D-polylisinated glass slides and stained with hematoxylin and eosin. MHC staining was performed in freshly isolated muscles from 2-day old newborn mice fixed in 4% formalin and embedded in paraffin.
Transverse sections (7 µm) were deparaffinized and rehydrated, and 3% H 2 O 2 was used for blocking endogenous peroxidase activity. Sections were incubated with MHC antibody (Millipore). Immunohistochemical detection of MHC was performed following the staining procedure according to the vectastatin Elite ABC system (Vector laboratories) and counterstaining with hematoxylin. For each experimental group, five sections per animal were stained and a negative control without the primary antibody was performed. Digital images of skeletal muscle sections were captured using a light microscope (Olympus, Germany) at 20 and 60X magnification. Relative fiber size and number of fibers were calculated in arbitrary fields; by quantitation of 50-100 adjacent muscle fibers in at least three different randomly-chosen fields per mouse, using image analysis software (ImageJ).
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